Since the first publication of bulk bone collagen carbon and nitrogen stable isotope ratios of Neandertals, (e.g., refs. [@r1][@r2]--[@r3]), supported by more recent studies ([@r4][@r5][@r6][@r7]--[@r8]), an intriguing pattern has been observed: Neandertals are characterized by relatively high nitrogen isotope values, often higher than the carnivores from the same sites ([Fig. 1](#fig01){ref-type="fig"}). Nitrogen isotopes are usually employed as a tracer of trophic level ([@r9]), and this pattern was therefore, at first, interpreted as indicative of the top-level trophic position (TP) of Neandertals in Paleolithic food webs ([@r2], [@r3], [@r10]), specifically focused on the consumption of large herbivorous mammals ([@r11]). Early modern humans have a wider range of isotopic ratios (especially in carbon), and some individuals exhibit higher N isotope ratios than of the fauna associated with them and above the range generally observed in Neandertals (refs. [@r10] and [@r12][@r13]--[@r14] and [Fig. 1](#fig01){ref-type="fig"}). These elevated values in Pleistocene modern humans have been interpreted as the signature of freshwater fish consumption ([@r10], [@r13]) as N isotope ratios (δ^15^N) in fish or shell consumers are usually higher than in pure terrestrial carnivores ([@r10]). Recently, an exceptionally high N isotope ratio has been measured in an infant Neandertal (AR-14) from the site of Grotte du Renne (Arcy-sur-Cure, France; [*SI Appendix*, *Supporting Information 1*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). This individual had a δ^15^N value 3--5‰ above the associated carnivores (ref. [@r6] and [Fig. 1](#fig01){ref-type="fig"}). In this case, this very elevated ratio is likely to be due to breastfeeding ([@r15]), as the infant was ∼1 y old.

![δ^15^N values of Neandertals, Pleistocene modern humans, and fauna from different Paleolithic European and Asian sites for which analyses on the associated fauna was performed. Data are from (Feldhofer) Richards and Trinkaus ([@r10]), (Paviland) Richards et al. ([@r3]) and Devièse et al. ([@r56]), (Tianyan) Hu et al. ([@r13]), (Jonzac) Richards et al. ([@r8]), (Spy) Naito et al. ([@r37]), (Scladina) Bocherens et al. ([@r2]), (Goyet) Wissing et al. ([@r7]), (Marillac) Fizet et al. ([@r1], [@r57]), Bocherens et al. ([@r5]), (Oase) Trinkaus et al. ([@r12]), (Les Cottés) this study, (Grotte du Renne) Welker et al. ([@r6]), and (Buran Kaya III) Drucker et al. ([@r30]).](pnas.1814087116fig01){#fig01}

Over the last few years, several studies have challenged the interpretation of high Neandertal bone collagen nitrogen isotope values as indicative of large herbivore consumption. It has been suggested that the systematic slightly higher δ^15^N values observed in Neandertal collagen, especially relative to that of the associated carnivores, could be explained by mammoth consumption ([@r4]), as mammoths generally exhibit higher δ^15^N values than other associated herbivores. Furthermore, recent studies carried on dental calculus highlight the existence of plant consumption ([@r16][@r17][@r18][@r19]--[@r20]), challenging the interpretation of a purely carnivorous diet of Neandertals. Other factors such as the consumption of putrid meat ([@r21]), mushrooms ([@r16], [@r22], [@r23]), freshwater fish ([@r24]), or cooked food ([@r25], [@r26]) have also been suggested as explanations for the elevated δ^15^N values of Neandertal collagen. The selective hunting of young animals by Neandertals and older animals by carnivores is another factor that would increase δ^15^N values, but the zooarcheological data generally suggest the opposite pattern ([@r27]). Bocherens et al. ([@r28]) also suggested that the difference between Pleistocene modern humans and Neandertals would not be explained by distinctive diets, but by a climate change during the Middle to Upper Paleolithic transition causing the elevation of the N isotope signature of the local plants, impacting the values in the whole food web and, therefore, temporally distinct populations. Most of the modern humans analyzed so far are indeed from Upper Paleolithic contexts while the Neandertals ([@r24], [@r28]), with the exception of the Grotte du Renne (AR-14) ([@r6]) and the Spy Cave individuals ([@r29]), were found in Middle Paleolithic contexts. Finally, Drucker et al. ([@r30]) demonstrated, using compound-specific isotope analyses (CSIA), that some elevated δ^15^N values of Paleolithic modern human bone collagen could mainly be explained by mammoth consumption, rather than freshwater fish. The above-mentioned factors ([Table 1](#t01){ref-type="table"}) are all likely to increase the δ^15^N of body tissues without dramatically influencing the δ^13^C values. It is therefore very difficult to estimate which one accounts for the pattern observed in bulk Neandertal bone collagen.

###### 

List of factors likely to cause elevated nitrogen isotope ratios in tooth collagen of the Les Cottés Neandertal

  Dietary adaptation                                                                   Output of the present study
  ------------------------------------------------------------------------------------ -----------------------------
  Top-level carnivory                                                                  Yes
  Mammoth consumption                                                                  Unknown
  Young animal consumption                                                             No/Minor
  Freshwater fish consumption                                                          No
  Breastfeeding                                                                        Unlikely
  Environmental factors triggering an elevation of the whole food web isotope values   No
  Mushroom consumption                                                                 Unknown
  Consumption of putrid meat                                                           Unknown
  Cooking                                                                              Unknown
  Carnivore consumption                                                                No/Minor

The second column lists the relevant factors according to the results of this study. See text for more details.

Novel isotope techniques, such as compound-specific isotope analyses performed on single amino acids, could help identify the factor explaining this pattern. The CSIA are a very powerful technique, which consists in establishing the C and N isotope composition of the various amino acids in bone or tooth collagen. Carbon isotope values of individual amino acids can clearly distinguish terrestrial from freshwater food sources ([@r31], [@r32]). Honch et al. ([@r31]) demonstrated that animals from food webs based on terrestrial plants usually exhibit similar δ^13^C~Phe~ and δ^13^C~Val~ (Phe: Phenylalaline, Val: Valine) in their collagen, with higher values in C~4~ plant-based food webs than in C~3~ plant-based ones. Fish consumers have δ^13^C~Val~ overlapping with the animals from C~3~ plants (for freshwater environment) and C~4~ plants (for marine environment)-based food webs, but much lower δ^13^C~Phe~ values ([@r31]). Nitrogen isotope values of individual amino acids reveal TP in more detail than bulk isotopic data, especially using the data obtained on phenylalanine (Phe) and glutamic acid (Glu). δ^15^N~Phe~ reflects the local baseline without being really impacted by the trophic level of the animal (trophic ^15^N-enrichment of 0.4 ± 0.4‰) ([@r33]) whereas the glutamic acid N isotope ratio (δ^15^N~Glu~), in addition to the local baseline, is strongly impacted by the TP (trophic ^15^N-enrichment of 8.0 ± 1.1‰) ([@r34][@r35]--[@r36]). The combination of the δ^15^N of these two amino acids therefore allows interpretations free of local baseline bias and allow more precisely assessing the TP of a specimen. For example, Naito et al. ([@r37]) documented the δ^15^N values of amino acids for the Spy Cave Neandertals ([Fig. 1](#fig01){ref-type="fig"}), revealing a possible contribution of plants into their diet, up to 20%. The use of CSIA of carbon and nitrogen can therefore potentially provide very detailed information on the diet of Neandertals and directly address the debate on the cause of the elevated nitrogen isotope signatures of their collagen.

Recently, we extracted the collagen of a Neandertal tooth from les Cottés (France; [*SI Appendix*, *Supporting Information 1* and Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental), and ref. [@r38]) for radiocarbon dating (ref. [@r39], [*SI Appendix*, *Supporting Information 2*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). In the frame of the assessment of collagen preservation, we measured the C and N isotope ratios in bulk collagen and found the second highest N isotope ratio ever seen in a Neandertal sample ([*SI Appendix*, Table S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)), knowing that the first one was the above mentioned breastfeeding infant from Grotte du Renne, AR-14 ([@r6]) ([Fig. 1](#fig01){ref-type="fig"}). The δ^15^N value of the Les Cottés Neandertal is about ∼7‰ higher than those of the associated herbivores previously measured in Talamo et al. ([@r40]), expected one-step trophic level enrichment ([@r9]). As there are a number of suggested reasons for the high Neandertal nitrogen isotope values (we list 10 possibilities in [Table 1](#t01){ref-type="table"}), we aimed to investigate which ones could account for the elevated value of the Les Cottés Neandertal. The tooth root analyzed belonged to a permanent maxillary lateral incisor, and thus, the dentine formed between the fourth and eighth years of age ([*SI Appendix*, *Supporting Information 3*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). If explained by breastfeeding, the δ^15^N value associated to the Les Cottés Neandertal would indicate a very late age of weaning, which would contradict previous findings ([@r41], [@r42]). At Les Cottés, hyena, wolf, and fox bones with cut-marks have been found in layer 06, layer 04/upper, and layer 02. Also, mammoth ivory transformed into beads have been found into layer 04/upper ([@r43]). Carnivore and mammoth consumption are two hypotheses that have to be considered. Fish remains are not present at les Cottés. No putrid meat or mushroom consumption has been reported for this site from the archeological evidence; however, these two types of consumption would unlikely leave any significant archeological traces. Concerning the environmental hypothesis suggested by Bocherens et al. ([@r28]), the tooth was dated to 43,740--42,720 cal. y BP ([*SI Appendix*, *Supporting Information 2*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)) and the Neandertal should thus have lived before the hypothesized increased aridity, which was suggested to have impacted local isotope signatures of the whole food webs coming from transition layers in France according to Bocherens et al. ([@r28]).

We conducted N and C isotope analyses on bulk collagen and amino acids of the Les Cottés Neandertal and the associated fauna, which were identified using ZooMs ([Dataset S1, Table S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)), to determine which one of the abovementioned factors ([Table 1](#t01){ref-type="table"}) accounts for the exceptionally elevated δ^15^N value of the Les Cottés Neandertal. As no CSIA data are yet available for breastfeeding or suckling specimens, we also performed these analyses on (*i*) animal teeth from Les Cottés formed before the weaning age, and (*ii*) faunal and hominin remains from Grotte du Renne, including the breastfed Neandertal (AR-14). The C and N isotope data on bulk collagen of the Grotte du Renne food web are already published ([@r6]). The Grotte du Renne and Les Cottés Neandertals both have similar radiocarbon ages and come from Central France contexts, which reinforce the validity of the comparison of these two Neandertals ([@r6], [@r39]).

Below, we report unprecedented CSIA for carbon on collagen amino acids for Paleolithic collagen samples, as well as the second CSIA application for nitrogen on collagen amino acids for Neandertals. We suggest that the exceptionally high N isotope signature values of the Les Cottés Neandertal can simply be explained by a carnivorous diet, possibly preferentially relying on reindeer (*Rangifer tarandus*). We also confirm that the Grotte du Renne Neandertal (AR-14) was a suckling infant and exclude the possibility of freshwater fish consumption being an influence on the collagen isotope values at both sites.

Results {#s1}
=======

The raw data for taxonomic identification, bulk collagen and amino acid isotope analyses, as well as measurements on isotopic standards are given in the Supporting Tables ([Dataset S1, Tables S5--S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)).

Isotope Analyses of the Bulk Collagen. {#s2}
--------------------------------------

Carbon and nitrogen isotope analyses of bulk bone collagen are the classic method to estimate trophic relationship in food webs. C and N isotope analyses on the bulk collagen (δ^13^C~bulk~ and δ^15^N~bulk~) for the AR-14 Neandertal and the associated fauna of Grotte du Renne were previously published in Welker et al. ([@r6]). The results for the Les Cottés food web are here presented. The collagen extracted from the Les Cottés samples is well preserved, with collagen yields of more than 1% and C:N ratios ranging from 3.1 to 3.3 (ref. [@r44] and [Dataset S1, Tables S6 and S7](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). The herbivore bones and teeth from Les Cottés have δ^13^C~bulk~ ranging between −20.6 and −19.8‰, except for three *Rangifer* specimens exhibiting higher values, and the mammoth specimen exhibiting the lowest δ^13^C~bulk~ value ([Fig. 2](#fig02){ref-type="fig"}). The δ^15^N~bulk~ of the herbivores are comparable to what was observed in Grotte du Renne, except for the specimens with teeth, which would have formed during the suckling period, and that have, as expected, higher δ^15^N~bulk~ values. The mammoth specimen also has an elevated δ^15^N~bulk~ value, higher than in Grotte du Renne, but this pattern is generally observed for this species ([@r7], [@r28], [@r30]). The only carnivore species analyzed at Les Cottés beside the Neandertal is hyenas. Hyena teeth formed during or after suckling periods reveal a large range of δ^15^N~bulk~ values (9.0--11.9‰) and of δ^13^C~bulk~ values (−19.8 to −18.2‰). The hyena P3 teeth, possibly formed during the suckling period, do not show higher δ^15^N~bulk~ values than the other teeth. One of the hyenas has a δ^15^N~bulk~ comparable to that of the *Rangifer* teeth. The Neandertal tooth from Les Cottés falls in the range of that of the carnivore hyenas, both for C and N isotope ratios.

![Isotope results for the site of Les Cottés. (*A*) C and N isotope ratios in bulk collagen. (*B*) N isotope ratios in phenylalanine and glutamic acid. The TP lines (*B*) are defined according to Chikaraishi et al. ([@r35], [@r36]), (*C*) C isotope ratios in valine and phenylalanine. The green and yellow areas (*C*) are defined according to Honch et al. ([@r31]).](pnas.1814087116fig02){#fig02}

Nitrogen Isotope Analyses of Amino Acids (Les Cottés and Grotte du Renne) and Associated TP. {#s3}
--------------------------------------------------------------------------------------------

Nitrogen isotope analyses of single amino acids were conducted to estimate the TP of hominins and associated animals, and assess which species were hunted by the different carnivores. These analyses can unravel the presence of plants, fish, meat, and suckling in the diet of the different animals. Terrestrial herbivores have a wider range of δ^15^N~Phe~ values in Grotte du Renne (7.6--14.4‰) than in Les Cottés (7.3--12.4‰). The δ^15^N~Phe~ values of the herbivores do not correlate with the bulk collagen δ^15^N values, whereas the δ^15^N~Glu~ values do. This correlation, both in Grotte du Renne and Les Cottés, indicates that most of the N isotopic variability among herbivores is due to a trophic level effect, likely caused by the sampling of tissues formed during the suckling period or shortly after weaning age. The δ^15^N~Phe~ value of the Neandertal in les Cottés is clearly higher than that of the other carnivores, while the δ^15^N~Phe~ value of the AR-14 Neandertal falls in the range of the other carnivores ([Fig. 3](#fig03){ref-type="fig"}). The TP of all of the animals has been assessed using δ^15^N~Glu~, δ^15^N~Phe~ values and a β factor of −8.4‰ (refs. [@r33], [@r36], and [@r37] and [Dataset S1, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). The β factor corresponds to an enrichment factor between the δ^15^N in glutamic acid and phenylalanine (δ^15^N~Glu~ − δ^15^N~Phe~). This factor therefore reflects the vertical shift between each line representing a different TP in [Figs. 2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"}. The uncertainty on the estimation of the TP is probably related to the variability of the β factor, which is around 0.1 ([@r30]), and therefore yields range between 1.9 and 2.1 for herbivores and between 2.9 and 3.1 for carnivores. Several herbivores have a TP above 2.1 and one hyena equals 3.1 while the other is above this value, which corresponds to the teeth (P3, M1) and bones possibly formed during the suckling period. However, some herbivores have a TP below 1.9 (two Equidae and one *Rangifer* at Les Cottés, and two Equidae and one cave bear at Grotte du Renne). Moreover, one of the four hyenas of les Cottés has a TP of 2.2, similar to what is expected for a herbivore, and three carnivores at Grotte du Rennes (two Pantherinae and a wolf) have, respectively, a TP of 2.5, 2.7, and 2.8 ([Figs. 2](#fig02){ref-type="fig"} and [3](#fig03){ref-type="fig"} and [*SI Appendix*, Table S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). The Les Cottés Neandertal has a TP of 2.9, indicating a pure carnivorous diet. The Grotte du Renne Neandertal has a TP of 3.2, slightly higher than the theoretical carnivore TP and much higher than the carnivores from this site.

![Isotope results for the site of Grotte du Renne (Arcy-sur-Cure). (*A*) C and N isotope ratios in bulk collagen; data from Welker et al ([@r6]). (*B*) N isotope ratios in phenylalanine and glutamic acid. The TP lines (*B*) are defined according to Chikaraishi et al. ([@r35], [@r36]); (*C*) C isotope ratios in valine and phenylalanine. The green and yellow areas (*C*) are defined according to Honch et al. ([@r31]).](pnas.1814087116fig03){#fig03}

Carbon Isotope Analyses of Amino Acids (Les Cottés and Grotte du Renne). {#s4}
------------------------------------------------------------------------

Carbon isotope analyses of amino acids can help to identify the presence of freshwater or marine resources into the diet of past hominins. The carbon isotope composition of 9--12 amino acids (depending on the derivatization method used) has been measured for all of the specimens of les Cottés and Grotte du Renne, with the exception of the Neandertal from the second site for which not enough material was available. The data are given in [Dataset S1, Table S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental) and fully discussed in the [*SI Appendix*, *Supporting Information 4*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental). The δ^13^C~Phe~ (−24.4 to −28.3‰) and δ^13^C~Val~ (−23.2 to −28.9‰) range of values are similar at both sites and generally fit with the range observed previously in food webs relying on C~3~ plants ([@r31], [@r32]), but slightly above the average food web values reported in a third study ([@r40]). These three publications represent the totality of the existing data on δ^13^C~Phe~ and δ^13^C~Val~ in mammal collagen. The pattern observed between the two sites is quite different: In Grotte du Renne, the carnivores exhibit similar δ^13^C values in the phenylalanine and valine, while the herbivores have enriched δ^13^C~Phe~ values relative to δ^13^C~Val~ ([Figs. 3](#fig03){ref-type="fig"} and [4](#fig04){ref-type="fig"}). In Les Cottés, most herbivores have also enriched δ^13^C~Phe~ relative to δ^13^C~Val~, but to a lesser extent ([Figs. 2](#fig02){ref-type="fig"} and [4](#fig04){ref-type="fig"}). In this case, the carnivores have depleted δ^13^C~Phe~ relative to δ^13^C~Val~, especially in the case of the two hyena teeth formed during the suckling period ([Fig. 4](#fig04){ref-type="fig"}).

![Difference (‰) between δ^13^C~val~ and δ^13^C~Phe~ (Δ^13^C~Val-Phe~) in bone and tooth collagen and associated TP. The TP was estimated from the δ^15^N~Phe~ and δ^15^N~Val~ values. The C isotope ratios in amino acids of the Grotte du Renne Neandertal were not measured because not enough material was available. See text for more details.](pnas.1814087116fig04){#fig04}

Discussion {#s5}
==========

TP Uncertainties. {#s6}
-----------------

In Les Cottés, the estimated TPs of the animals are consistent with what is expected, except for three herbivores and one hyena. This could be explained by the consumption of plants with a peculiar β factor by these three herbivores. Most plants (50%) have a β factor of −8 ± 1‰, yet some reach a value of −12‰ and represent 3% of the reported values ([@r45]).

However, only 64 β values of plants have been analyzed so far, and there is therefore a need to better document those β factors in plants and the species associated to specific values (e.g., 3‰ in the case of tree flowers). With such a β value, the trophic level of the three herbivores goes up to 2.1--2.2 and to 2.8 for the associated hyena. In Grotte du Renne, this β moves back these herbivores (two Equidae and one Cave bear) as well as the Pantharinae to their expected TP. With the same β factor, the Neandertal from Grotte du Renne would then have a TP of 3.8, one trophic level above the carnivores. Such a TP could easily be explained by breastfeeding.

We observed difference between δ^13^C~Val~ and δ^13^C~Phe~ values, which can be explained by the existence of a trophic level effect, mostly affecting the δ^13^C~Val~ ([*SI Appendix*, *Supporting Information 4*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)) rather than freshwater fish consumption. This accounts for the fact that the Neandertal from Les Cottés and the hyenas are falling slightly off the range defined for terrestrial animals. As a result, the difference between δ^13^C~Val~ and δ^13^C~Phe~ (Δ^13^C~Val-Phe~) values correlate to the estimated trophic level ([Fig. 4](#fig04){ref-type="fig"}), and the Δ^13^C~Val-Phe~ is systematically positive in carnivores and negative for herbivores. The report of this trophic level effect is unprecedented, since no other carnivore data are currently available for δ^13^C~Val~ and δ^13^C~Phe~ in mammal collagen. We also observed it for δ^13^C~Leu~ and δ^13^C~Gly~ values (Gly = Glycine, Leu = Leucine; [*SI Appendix*, *Supporting Information 4*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). The combined use of carbon and nitrogen single amino acid isotope values could therefore help to account for the uncertainty on the TP estimation based on δ^15^N values only.

Neandertal Diets at Les Cottés and Grotte du Renne. {#s7}
---------------------------------------------------

Compound-specific isotope analyses conducted on amino acids provide information on the sources of dietary protein over a number of years of life with a greater level of detail compared with bulk isotope analysis. However, as these CSIA studies are in their infancy, the exact relationship of δ^15^N and δ^13^C values of amino acids to TPs is not yet fully understood. Despite these caveats, these analyses shed light on the interpretation of Neandertal diets in Europe. We demonstrate here that exceptionally high δ^15^N values in bulk collagen of the Les Cottés Neandertal can still be explained by a carnivorous diet solely relying on herbivore meat without any need to call upon additional explanations such as consumption of putrid meat or cooked food. These types of consumption might, however, have existed but would mean that fermentation and cooking equally impact δ^15^N~Phe~ and δ^15^N~Glu~ values ([Table 1](#t01){ref-type="table"}). Freshwater fish and carnivore meat were not---or rarely---eaten by these Neandertals. Neandertals at les Cottés could have mostly hunted reindeer from arid environments (showing elevated δ^15^N~Phe~ and δ^13^C~bulk~) or horses (also characterized by elevated δ^13^C~Asp,~ [*SI Appendix*, *Supporting Information 4*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)), whereas hyenas would have been less specific in terms of their environments and prey. This is a similar interpretation to that proposed by the only other Neandertal CSIA study by Naito et al. ([@r37]), which also suggested different ecological niches between hyenas and Neandertals. The δ^13^C~bulk~ value of the Neandertal tooth does not support here the specific hunting of mammoths, which would generally yield low δ^13^C (as observed in Grotte du Renne, although only one individual could be analyzed). According to CSIA analysis, the Spy Neandertals (Neandertals dated circa 41,000 BP; ref. [@r46]) show different hunting strategies: Spy 430-a and Spy 92b hunted reindeer, horse, and bovines, while Spy 92a seemed more opportunistic ([@r37]). Neandertal hunting of reindeer, rather than mammoths, is also generally supported by zooarcheological data ([@r27], [@r47]) including at Grotte du Renne and Les Cottés ([@r38], [@r48], [@r49]), even if some exceptions exist for Middle Paleolithic sites ([@r47]). In Grotte du Renne, both δ^15^N~Phe~ and δ^13^C values of AR-14 bulk collagen falls in the variability of the other carnivores. The TP of the AR-14 Neandertal is clearly above that of the other carnivores, whatever the β factor is. This finding fits with the hypothesis of a suckling infant previously suggested by Welker et al. ([@r6]). This infant was therefore not weaned but could possibly already have eaten solid food, as its TP is below 4. According to the isotope data performed on bulk collagen and amino acids, the mother was probably sharing the same ecological niche as the other carnivores.

When we then look at all of the bulk collagen isotope analyses of the 29 Neandertals that have been published so far \[ranging in radiometric age from ∼90,000 BP (Scladina; ref. [@r46]) to 36,840 BP (Grotte du Renne; ref. [@r6])\], we can see a similar and very stable diet over time. This situation could be readily explained by Neandertals being top-level carnivores consuming herbivore meat, and this pattern even continues after the arrival of modern humans in Europe ([@r50]). Our work shows that even exceptionally high δ^15^N bulk collagen values of two late Neandertals still result from a terrestrial meat-based diet, the same diet that was interpreted for the other 27 Neandertals that have had bulk collagen C and N isotope measurements. Despite changes in climate, environment and associated faunal spectra, throughout the Middle Paleolithic, the focus remains on large herbivores.

Concluding Remarks. {#s8}
-------------------

Compound-specific isotope analyses are a very promising method for reconstructing aspects of past diets, especially by combining nitrogen and carbon isotope analyses on single amino acids to clearly distinguish aquatic and terrestrial sources of proteins, and to estimate with more precision the contribution of plants in individual diets. Our application of CSIA to two Neandertals has shown that both were high trophic level consumers, with large herbivores being the main protein source. Therefore, there is no reason to invoke myriad dietary interpretations such as the consumption of mushrooms, putrid animal flesh, mammoths, or freshwater fish to explain their high bulk bone collagen nitrogen isotope values of Neandertals in relation to carnivores from the same site. However, we acknowledge that our isotopic study does not rule out the occasional consumption of these foods. Instead, the differing high N values between Neandertals and associated carnivores is likely due to the consumption of different herbivores from different environments. When we conduct CSIA, which is not environmentally baseline sensitive like bulk collagen N values, Neandertals and carnivores clearly are at the same trophic level.

Methods {#s9}
=======

The bones and teeth were taxonomically identified using traditional zooarcheological methods and ZooMS ([@r6], [@r49], [@r51]) ([Dataset S1, Table S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). The collagen extraction was performed using the protocol outlined in Talamo and Richards ([@r44]), and the bulk collagen isotope analyses were conducted at the Max Planck Institute for Evolutionary Anthropology, Leipzig, Germany. The collagen samples were then sent to the University of California, Los Angeles Isotope Lab Facility, where the compound-specific isotope analyses were performed using gas chromatography combustion isotope ratio mass spectrometry. The two first batches of samples were prepared with the following protocol: The amino acids were liberated using acid hydrolysis before the derivatization step to produce methoxycarbonyl methyl esters (MOC) for GC analysis, following the protocol established by Yarnes and Herzsage ([@r52]). The third batch of samples was prepared using the derivatization protocol ([@r53]) recommended by O'Connell and Collins ([@r54]), producing N-acetyl isopropyl esters, allowing the comparison of isotope signatures in hydroxyproline and proline ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). An external standard was analyzed with both protocols and exhibit similar isotope signatures for both protocols ([Dataset S1, Table S10](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental)). All samples were analyzed in duplicate by GC-C-IRMS, and additional measurements were performed when the duplicates fell outside expected measurement error ([@r55]). Additional information is available in [Dataset S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1814087116/-/DCSupplemental).
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